AAA proteases comprise a conserved family of membrane bound ATP-dependent proteases that ensures the quality control of mitochondrial inner-membrane proteins. Inactivation of AAA proteases causes pleiotropic phenotypes in various organisms, including respiratory deficiencies, mitochondrial morphology defects, and axonal degeneration in hereditary spastic paraplegia (HSP). The molecular basis of these defects, however, remained unclear. Here, we describe a regulatory role of an AAA protease for mitochondrial protein synthesis in yeast. The mitochondrial ribosomal protein MrpL32 is processed by the m-AAA protease, allowing its association with preassembled ribosomal particles and completion of ribosome assembly in close proximity to the inner membrane. Maturation of MrpL32 and mitochondrial protein synthesis are also impaired in a HSP mouse model lacking the m-AAA protease subunit paraplegin, demonstrating functional conservation. Our findings therefore rationalize mitochondrial defects associated with m-AAA protease mutants in yeast and shed new light on the mechanism of axonal degeneration in HSP.
Introduction
Energy-dependent proteases perform essential roles in cellular regulation and homeostasis. They degrade misfolded polypeptides and prevent their accumulation and potential deleterious effects on cellular activities. At the same time, they control the stability of regulatory proteins and thereby central cellular processes. This dual activity is exemplified by the ubiquitin-proteasome system in the eukaryotic cytosol, which mediates the majority of proteolysis occurring in the cytosol and nu- None of these phenotypes, neither in yeast nor in mammals, is currently understood on the molecular level. AAA proteases are main players of the qualitycontrol system in the inner membrane of mitochondria and have been demonstrated to degrade a large number of nonnative membrane proteins. Mitochondrial activities may therefore be impaired by the accumulation of misfolded polypeptides upon inactivation of AAA proteases. As protein aggregates have not been detected in these mitochondria, it is also conceivable that specific mitochondrial proteins with regulatory functions exist whose impaired proteolysis interferes with mitochondrial activities. Such substrate proteins, however, have not been identified.
Here, we describe the characterization of MrpL32, a S]methionine and imported posttranslationally for 30 min at 25°C into wild-type (wt), ⌬yta10, and ⌬yta12 mitochondria. The membrane potential across the inner membrane was dissipated by adding valinomycin prior to (−⌬Ψ) or after completion of import (+⌬Ψ). Nonimported preproteins were degraded by Proteinase K (PK, 50 g/ml). To examine the submitochondrial localization of newly imported MrpL32, the outer membrane was disrupted by osmotic swelling (+SW) followed by incubation of the samples with PK (50 g/ml) for 30 min at 4°C. The samples were analyzed by SDS-PAGE and autoradiography. The integrity of mitochondria was monitored by immunoblotting against the soluble intermembrane-space protein cytochrome b 2 (Cytb2) and the matrix protein Mge1. p, precursor MrpL32; m, mature MrpL32. (C) Alignment of homologous MrpL32 sequences from yeast (uniprot:rm32_yeast), human (uniprot:rm32_human), mouse (uniprot:rm32_ mouse), and E. coli (uniprot:rl32_ecoli). The alignment was constructed by ClustalW. The colors indicate the degree of similarity: blue, all amino acids of a column are identical, red, half of the amino acids of a column are identical or belong to a group with strong similarity, yellow, more than half of the amino acids of a column belong to a group with weak similarity. were fractionated by NiNTA-chromatography ( Figure  1A ). Yta12 coeluted with Yta10, demonstrating assembly of both subunits of the m-AAA protease. Furthermore, Phb1 and Phb2 were detected in the eluate (Figure 1A) . Both proteins constitute the prohibitin complex in the inner membrane that associates with the m-AAA protease and modulates its activity (Steglich et al., 1999) . In addition to these known interactors, an additional protein, identified by peptide mass fingerprint analysis as MrpL32, a component of the large mitochondrial ribosomal subunit (Grohmann et al., 1991), specifically copurified with the m-AAA protease.
MrpL32 Is Processed by the m-AAA Protease
The copurification of MrpL32 with proteolytically inactive m-AAA protease suggests that it represents a novel proteolytic substrate. We therefore synthesized MrpL32 in a cell-free system in the presence of [ 35 S]methionine and incubated the radiolabeled protein with mitochondria isolated from wild-type, ⌬yta10, and ⌬yta12 cells ( Figure 1B) . MrpL32 was imported in a membranepotential-dependent manner and was protease protected in wild-type mitochondria. A smaller form of MrpL32 was generated upon import, indicating proteolytic processing. Strikingly, maturation of MrpL32 did not occur in mitochondria lacking the m-AAA protease ( Figure 1B) . The processing defect was not caused by an impaired import of MrpL32, which was localized in the matrix in both wild-type and mutant mitochondria ( Figure 1B ). These findings indicate that the m-AAA protease mediates the processing of newly imported MrpL32.
MrpL32 is a conserved component of the large ribosomal particle, with homologs present in eubacteria and mitochondria of eukaryotic cells ( Figure 1C ). Sequencing of MrpL32 after purification of mitochondrial ribosomes identified alanine 72 as the N-terminal amino acid of MrpL32 (Grohmann et al., 1991). This residue is present within a highly conserved sequence motif and represents the N-terminal residue in bacterial MrpL32 proteins, whereas eukaryotic homologs carry an aminoterminal extension ( Figure 1C ).
To monitor m-AAA protease-dependent maturation of MrpL32 in vivo, we raised polyclonal antisera that were directed against amino acid residues located before and after the predicted cleavage site. Unexpectedly, the precursor form of MrpL32 was only detected by antibodies recognizing the presequence peptide of MrpL32 but not by those directed against mature MrpL32. We used these antibodies to detect MrpL32 in mitochondria lacking the m-AAA protease or harboring proteolytically inactive variants of Yta10, Yta12, or both ( Figure 1D ). In agreement with our import experiments, the precursor form of MrpL32 was found in mitochondria lacking m-AAA protease. Mature MrpL32, on the other hand, was generated both in wild-type and in either Yta10 E559Q or Yta12 E614Q mitochondria ( Figure 1D ). In contrast to yta10 E559Q yta12 E614Q cells, these mitochondria still harbor a proteolytically active m-AAA protease subunit that assembles with the mutant protein and thereby is capable of maintaining respiratory growth (Arlt et al., 1998). We therefore conclude from these experiments that maturation of MrpL32 in vivo depends on proteolysis by the m-AAA protease.
The Presequence of MrpL32 Is Essential but Not Sufficient for Mitochondrial Targeting
Although the 71 N-terminal amino acid residues of MrpL32 do not have the propensity to form positively charged, amphiphilic α helices, a characteristic feature of mitochondrial targeting sequences, their deletion completely abolished import of MrpL32 into isolated mitochondria ( Figure 2A ). Thus, amino acid residues 1-71 are essential for mitochondrial targeting of MrpL32. To assess whether they are also sufficient to drive import of a heterologous reporter protein, we fused MrpL32 or amino-terminal segments of MrpL32 of various lengths to murine dihydrofolate reductase (DHFR) and examined the import competence of the resulting hybrid proteins ( Figure 2B ). In contrast to MrpL32 (1-183)-DHFR containing complete MrpL32, a hybrid protein composed of the presequence of MrpL32 and DHFR (MrpL32 (1-71)-DHFR) was not imported into mitochondria, demonstrating that the presequence of MrpL32 is not sufficient to ensure mitochondrial targeting ( Figure 2B ). We observed, however, efficient import if at least 77 amino-terminal amino acid residues of MrpL32 were fused to DHFR, assigning a crucial function to amino acid residues 72-77 of MrpL32 ( Figure 2B ). These results suggest that essential targeting information is contained in both the presequence and the 6 N-terminal amino acids of mature MrpL32. Notably, a cluster of three positively charged amino acid residues that are likely to be crucial for mitochondrial targeting is present in the latter segment ( Figure 1C ).
Rescue of Respiratory Growth of m-AAA ProteaseDeficient Cells by Mature MrpL32
Cells lacking MrpL32 are respiratory incompetent (Figure 2C ). To examine whether maturation of MrpL32 is sufficient to ensure its functionality within mitochondria, we replaced the presequence of MrpL32 by amino acid 
Ribosomal Particles Are Assembled but Fail to Integrate MrpL32 in Mitochondria
Lacking m-AAA Protease How does an impaired processing of MrpL32 affect the synthesis of mitochondrially encoded proteins? As a subunit of the large ribosomal particle, MrpL32 may be required for ribosome assembly within mitochondria. Therefore, steady-state levels of various ribosomal subunits were determined in mitochondria lacking proteolytically active m-AAA protease and compared to wild-type mitochondria. However, we did not detect differences in the levels of components of the large ribosomal particle such as Mrp7, Mrp20, and Mrp49 or in levels of the small ribosomal particle subunit Mrp13 ( Figure 3B ).
These findings indicate that, in the absence of the m-AAA protease, ribosome assembly either occurs normally or is impaired at a late stage, at which ribosomal subunits are protected against proteolytic degradation. To distinguish between these possibilities, ribosome assembly was directly assessed in mitochondrial extracts of wild-type, ⌬yta10, ⌬yta12, and ⌬mrpl32 mitochondria by sucrose-gradient centrifugation ( Figures  3C and 3D) . Assembled 54S and 70S ribosomal particles were detected by exploiting the absorption of ribosomal RNA at 254 nm or by immunoblot analysis of gradient fractions. Similar absorption and elution profiles were observed when wild-type, ⌬yta10, or ⌬yta12 mitochondria were analyzed ( Figure 3C ). Moreover, fractionation of 37S particles, monitored by the small ribosomal protein Mrp13, was unaffected in ⌬yta10 and ⌬yta12 mitochondria ( Figure 3D ). This is in contrast to ⌬mrpl32 mitochondria, which lack intact mtDNA and do not accumulate assembled ribosomes (Figures 3C  and 3D) .
While these experiments demonstrate that ribosomal particles are largely assembled in the absence of the m-AAA protease, they revealed an impaired recruitment of MrpL32 into the large subunit ( Figure 3D ). The precursor form of MrpL32 did not cofractionate with 54S and 70S particles and was recovered in top fractions of the gradient. We conclude that maturation of MrpL32 by the m-AAA protease is dispensable for the formation of preassembled 54S and 70S ribosomal particles but essential for the integration of MrpL32 itself into this complex. This step therefore must occur at late stages of the assembly process. Figures 4A and 4B) . Whereas other subunits of the large ribosomal particle were membrane bound but released in a salt-dependent manner, mature MrpL32 remained in the membrane pellet even at high salt concentrations ( Figure 4A ). An interaction of mature MrpL32 with the inner membrane was also suggested after extraction of mitochondrial membranes with Triton X-114 ( Figure 4C ). Whereas other ribosomal proteins, including the precursor form of MrpL32 accumulating in ⌬yta10 mitochondria ( Figure  4B ), were detected in the supernatant fraction, mature MrpL32 was exclusively recovered in the membrane pellet ( Figure 4C) . Thus, although lacking potential membrane-spanning domains, mature MrpL32 appears to be tightly associated with the inner membrane. It should be noted that membrane binding of MrpL32 is not essential for tethering of ribosomes to the membrane surface. Other ribosomal subunits were found in association with the inner membrane of ⌬yta10 mitochondria lacking mature MrpL32 ( Figure 4B ). The different behavior of mature and precursor forms of MrpL32 in these experiments suggests that processing by the m-AAA protease triggers a conformational transition which allows the assembly of mature MrpL32 to proceed in close proximity to the inner membrane. In contrast to the precursor form of MrpL32, mature MrpL32 was indeed recovered in a high-molecularmass complex upon fractionation of mitochondrial extracts by sucrose-gradient centrifugation ( Figure 3D ) or sizing chromatography ( Figure 4D) . Notably, only a small portion of mature MrpL32 comigrated with assembled large ribosomal subunits in these experi-ments. MrpL32 is either bound to ribosomes with low affinity, leading to its dissociation upon fractionation, or is part of yet another complex prior to integration in assembled ribosomes. The native molecular mass of the MrpL32-containing complex was estimated to be larger than 1 MDa ( Figure 4D ). It partially cofractionated with the m-AAA protease upon sucrose-gradient centrifugation or sizing chromatography of mitochondrial extracts, but coimmunoprecipitation experiments did not provide any evidence for binding of mature MrpL32 to the protease (Figures 4D and 4E; data not shown) . A potential binding partner of mature MrpL32 thus remains to be identified; however, our experiments suggest that maturation of MrpL32 is not strictly coupled to its assembly with 54S particles, which occurs in close proximity to the inner membrane.
Processing of MrpL32 by the Murine m-AAA Protease Composed of Afg3l2 and Paraplegin
As both MrpL32 and the m-AAA protease are conserved throughout evolution, it is conceivable that maturation of MrpL32 is mediated by the m-AAA protease also in higher eukaryotes. Recent complementation studies identified a hetero-oligomeric complex built up of human AFG3L2 and paraplegin as the ortholog of the yeast m-AAA protease (Atorino et al., 2003) . Similarly, respiratory competence of ⌬yta10⌬yta12 cells was restored upon coexpression of both murine Afg3l2 and paraplegin, defining the Afg3l2/paraplegin complex as the murine ortholog of the yeast m-AAA protease (Figure 5A) . The respiratory growth of ⌬yta10⌬yta12 cells harboring murine Afg3l2 and paraplegin suggests that processing of yeast MrpL32 (yMrpL32) was restored in these cells. Indeed, maturation of yMrpL32 was detected in mitochondria isolated from these cells upon immunoblotting, demonstrating maturation of yMrpL32 by the murine m-AAA protease ( Figure 5B ). Murine MrpL32 (mMrpL32) was synthesized in a cellfree system in the presence of [ 35 S]methionine and incubated with isolated yeast mitochondria to examine m-AAA protease-dependent processing ( Figure 5C ; Figure S2 ). Similar to yMrpL32, mMrpL32 was imported into yeast mitochondria in a membrane-potential-dependent manner and processed to the mature form. Processing was inhibited in mitochondria lacking Yta10 and Yta12, demonstrating that maturation of mMrpL32 occurred by the yeast m-AAA protease ( Figure 5C; Figure S2) . Mature mMrpL32 was also detected upon import of mMrpL32 into ⌬yta10⌬yta12 mitochondria containing Afg3l2 and paraplegin, providing direct evidence that mMrpL32 can be processed by the murine m-AAA protease ( Figure 5C; Figure S2 ).
Impaired mMrpL32 Processing and Protein Synthesis in Paraplegin-Deficient Murine Mitochondria
To investigate the relevance of proteolytic processing of mMrpL32 in vivo, we raised a polyclonal antiserum against mMrpL32 and analyzed processing of MrpL32 in murine liver mitochondria from wild-type and paraplegin −/− mice ( Figure 6A) (Ferreirinha et al., 2004) . Mature mMrpL32 was detected in wild-type mitochondria, while it was present in significantly reduced amounts in Figure 6B ). Mitochondrial translation was significantly impaired in the absence of paraplegin and dropped by w50% when compared to wildtype mitochondria (Figures 6B and 6C) . Southern blot experiments revealed that reduced translation in paraplegin-deficient mitochondria is not caused by a loss of mtDNA ( Figure 6D ). We conclude from these experiments that maturation of mMrpL32 and mitochondrial protein synthesis are impaired in paraplegin-deficient mice.
Discussion
The biogenesis of the respiratory chain and the F 1 F O -ATP synthase in the inner membrane depends on the assembly of nuclear and mitochondrially encoded subunits and thus on the coordinated expression of both cellular genomes. We demonstrate that protein synthesis within mitochondria is under the proteolytic control of the ATP-dependent m-AAA protease in both yeast and mouse (Figure 7) : newly imported MrpL32, a subunit of the large ribosomal particle, is processed by the m-AAA protease, resulting in its tight association with the inner membrane. We propose that the membrane recruitment of preassembled 54S particles allows binding of mature MrpL32 and completion of ribosome assembly. Thus, the m-AAA protease not only ensures the quality control of inner-membrane proteins but also exerts a regulatory function during mitochondrial biogenesis.
Inhibition ., 2003) . Tissues like brain, muscle, and heart with a high demand on oxidative metabolism are known to be vulnerable to an impairment of mitochondrial functions. Moreover, MrpL32 processing and mitochondrial translation were less severely affected in paraplegin-deficient murine mitochondria than in yeast, indicating that another peptidase (or peptidases) can substitute for loss of the paraplegin-containing m-AAA protease. It is therefore also conceivable that the tissue specificity is caused by differences in the expression patterns of MrpL32 processing peptidases. Clearly, further studies are required to unravel the molecular basis for HSP pathogenesis. The functional link of the m-AAA protease to ribosome assembly and protein synthesis within mitochondria may lead the way.
Experimental Procedures

Cloning Procedures
For SP6-polymerase-driven expression in vitro, yeast MRPL32 and fragments thereof were amplified by PCR and cloned into either the vector pCRII-TOPO, pGEM4, or pGEM4-DHFR, respectively. Similarly, murine MRPL32 was amplified by PCR from murine cDNA and cloned into pGEM4.
To allow expression of Yta10 E559Q harboring a C-terminal hexahistidine peptide in yeast, a DNA fragment of YTA10 E559Q (bp 1010-2316) was PCR amplified and cloned into YCplac22 
Antibody Production
The peptides C-RWLREKLQQDHKDTE and C-HTAKEEIKPRQEEEL, corresponding to amino acid residues 45-59 and 131-145 of yeast MrpL32, respectively, were used for generation of polyclonal antibodies in rabbits. A polyclonal antiserum directed against murine MrpL32 was generated using the peptide C-RRTIEVNRSRRRN PQK, corresponding to amino acids 83-98 of murine MrpL32.
Southern Blot Analysis of mtDNA
Genomic DNA was isolated from liver using standard techniques. Ten micrograms of total DNA was digested with BglII to linearize the mtDNA, subjected to electrophoresis on a 0.9% (w/v) agarose gel, and transferred to a Hybond N+ membrane. The blot was hybridized using the ECL Direct Nucleic Acid Labeling and Detection System (Amersham) with probes corresponding to ND-1 (nucleotides 2764 to 3705 of AY17235) or D loop (nucleotides 15485 to 16198 of AY17235).
